Tropical cyclogenesis is studied in the context of idealized three-dimensional Boussinesq dynamics with perhaps the simplest possible self-consistent model for bulk cloud physics. With low-altitude input of water vapor on realistic length and time scales, numerical simulations capture the formation of vortical hot towers. From measurements of water vapor, vertical velocity, vertical vorticity and rain, it is demonstrated that the structure, strength and lifetime of the hot towers is similar to results from models including more detailed cloud microphysics. The effects of low-altitude vertical shear are investigated by varying the initial zonal velocity profile. In the presence of weak low-level vertical shear, the hot towers retain the low-altitude monopole cyclonic structure characteristic of the zero-shear case (starting from zero velocity). Some initial velocity profiles with small vertical shear can have the effect of increasing cyclonic predominance of individual hot towers in a statistical sense, as measured by the skewness of vertical vorticity. Convergence of horizontal winds in the atmospheric boundary layer is mimicked by increasing the frequency of the moisture forcing in a horizontal sub-domain. When the moisture forcing is turned off, and again for zero shear or weak low-level shear, merger of cyclonic activity results in the formation of a larger-scale cyclonic vortex. An effect of the shear is to limit the vertical extent of the resulting depression vortex. For stronger low-altitude vertical shear, the individual hot towers have a low-altitude vorticity dipole rather than a cyclonic monopole. The dipoles are not conducive to the formation of larger-scale depressions, and thus strong enough low-level shear prevents the vortical-hot-tower route to cyclogenesis. The results indicate that the simplest condensation and evaporation schemes are useful for exploratory numerical simulations aimed at better understanding of competing effects such as low-level moisture and vertical shear.
Introduction
There is now quite an extensive history of research focused on characterizing the environmental conditions necessary for the development of tropical cyclones (e.g. Gray 1968 ), as well as understanding the physical mechanisms involved (e.g. Charney & Eliassen 1964; Ooyama 1964; Emanuel 1986; Hendricks, Montgomery & Davis 2004) . A recent review by Montgomery & Smith (2011) describes different paradigms that emphasize different aspects of storm development, and we refer the reader to the more complete set of references therein. Early analysis (Charney & Eliassen 1964) and numerical simulations (Ooyama 1969) focused on the interaction between deep cumulus clouds and a large-scale vortex. A series of papers (Emanuel 1986; Rotunno & Emanuel 1987; Emanuel 1989 Emanuel , 2003 has highlighted the importance of air-sea interaction, and more specifically the positive feedback between surface winds and evaporation of water from the ocean. Other authors (Hendricks, Montgomery & Davis 2004; Montgomery, Nicholls, Cram & Saunders 2006; Montgomery & Smith 2011; Wissmeier & Smith 2011) have concentrated on the role of relatively small-scale coherent structures with positive low-altitude vertical vorticity, the so-called vortical hot towers (VHTs). Our work does not attempt to weigh the relative significance of these or other mechanisms, but rather we ask if some essential features of cyclogenesis can be captured by idealized computations of Boussinesq dynamics with a minimal moisture model. If so, then the simplified system can be used to probe those features with the goal of deeper understanding. The study was inspired by, and is complementary to, recent multi-scale analysis (Majda, Xing & Mohammadian 2010, hereafter MXM10) , starting from the anelastic version of the equations studied herein.
In the current set of simulations, we study the response of the Boussinesq system to lowaltitude, small-scale moisture bubbles, allowing for the possibility of vortical hot towers and their interaction. These low-level moisture bubbles are a surrogate for moistening due to the surface evaporation flux. Here we do not attempt to simulate the air-sea interface directly, and thus do not address wind-induced surface heat exchange. Furthermore, since planetary rotation provides the only background vertical vorticity and our computational domain resolves horizontal scales up to 128 km, these simulations address only aspects in the genesis problem without attempting to simulate later stages of tropical storm development. In addition to the structure of a single VHT, we also study the interaction of VHTs during a simulation phase mimicking convergence of the horizontal winds in the atmospheric boundary layer. For the latter, moisture forcing seems most natural and is thus adopted for all of our current runs. As will be explained further below, the simple model used here has only two phases of water, water vapor and rain water, and does not include cloud water or ice, although cloud water can be identified directly with the excess water vapor above saturation, i.e. water loading.
It is well-established that tropical storms and hurricanes develop only in an environment of low vertical shear (e.g. Gray 1968 ). On the other hand, some case studies report differences up to 10 m s −1 between mean wind speeds at the top and bottom of the troposphere (e.g. Molinari et al. 2004 ). Thus it is interesting to initiate a systematic investigation into the effects of vertical wind shear on the structure and statistics of VHTs. In contrast to our simulations with varying vertical shear, Wissmeier & Smith (2011) (hereafter WS11) compared idealized simulations with varying values of planetary rotation and/or fixed background horizontal shear (providing additional vertical vorticity). They studied the evolution of a single VHT generated by a temperature anomaly, using the cloud model of Bryan & Fritsch (2002) . Different cloud models and different shear profiles (horizontal vs. vertical) do not allow for a direct quantitative comparison between our simulations and those of WS11. Furthermore, WS11 use background potential temperature and moisture profiles designed to match observations, whereas our background profiles are piecewise linear. Nevertheless, in a qualitative sense our results are remarkably similar to the results of WS11 incorporating more complex cloud physics, providing confidence in the simplified moisture model.
Related moist Boussinesq simulations have been performed in Grabowski & Clark (1991 , 1993a ; Grabowski & Smolarkiewicz (1996) ; Spyksma, Bartello & Yau (2006) ; Sukhatme, Majda & Smith (2011) . The evolution of a single temperature bubble in small domains (several km in horizontal and vertical extent) was studied by Grabowski & Clark (1991) in two dimensions (2D), and by Grabowski & Clark (1993a) in three dimensions (3D) (see also Sukhatme & Smith 2007 , for aspects of the dry dynamics in 2D). These investigations focused on instabilities at the cloud boundary, and were extended to in-2 clude the effects of environmental shear in Grabowski & Clark (1993b) . The study by Spyksma et al. (2006) considered the evolution of a single moisture bubble, where periodic boundary conditions allowed for accurate calculations of liquid-water spectra at high resolutions (up to 384 3 Fourier modes). Starting from initial conditions with enough water content to saturate the domain, Sukhatme et al. (2011) investigated the emergence of balanced dynamics in a 2D periodic domain. On the other hand, a balanced state was not attained starting from initial conditions without sufficient water substance, and then the flow remained turbulent. The work of Grabowski & Smolarkiewicz (1996) developed a semi-Lagrangian model for bulk warm-rain microphysics including cloud and rain water. As mentioned above, a key motivational study for the current work is the multi-scale model developed in MXM10 (see also Klein & Majda 2006; Majda 2007; Majda, Xing & Mohammadian 2008; . Using multi-scale analysis, MXM10 derived a hierarchy of three coupled models for small scales and short times (10 km and 15 min); intermediate scales and short times (100 km and 15 min); intermediate scales and longer times (100 km and 2.5 hours). The coupled models are balanced, and thus simpler than the full dynamics, because they eliminate inertia-gravity waves in a spatially periodic geometry. These models elucidate the fundamental physics in each of the three spacetime regimes. The authors solved the multi-scale models using the same low-altitude moisture forcing adopted here with frequency 2.5 hours, and showed the predominance of low-level cyclonic activity associated with VHTs, even in the presence of low-level vertical shear. We expand the study in several ways: we vary the initial velocity profile and thus the low-level shear; we vary the frequency of the moisture bubble forcing in order to investigate the detailed structure of a single VHT (forcing a bubble every 2.5 hours), as well as the interaction of VHTs (forcing more frequently); after a period of forcing, we allow the flow to decay and investigate possible merger into a larger-scale depression. Since our Boussinesq simulations include inertia-gravity waves, we are able to test the concept of balance for VHT generation/interaction.
The remainder of the manuscript is organized as follows. Section 2 introduces the moist Boussinesq model. In Section 3 we provide details about the simulations, for example boundary conditions and the moisture forcing. Section 4 is divided into two main parts: the first part presents the benchmark case of zero initial vertical shear starting from zero initial velocity; the second half explores the dependence of the results on low-altitude vertical shear as determined by an initial zonal velocity profile. Sensitivity of the results to boundary conditions is addressed in Section 4.3. We conclude in Section 5 and discuss future plans.
Model equations
The 3D Boussinesq equations are the dynamical core of the model (Majda 2002) , written in non-dimensional form as
, p is a modified pressure and θ is the fluctuating part of the potential temperature. In the Boussinesq approximation, the background potential temperature is linear such that the total potential temperature is θ total = θ o + Bz [U ] −1 2Ω sin(φ) has the value Ro −1 ≈ 0.1 sin(φ). Therefore, the system (2.1)-(2.4) has been written in terms of ǫ = 0.1 with F r −1 = ǫ −1 and Ro −1 = ǫ sin(φ). In the numerical simulations, the value of sin(φ) will be set to sin(φ) = sin(25π/180) for φ = 25 o N.
The dynamical variables describing the moisture are the mixing ratios of rain water q ǫ r = ǫ 2 q r and water vapor q ǫ
The initial environmental profile q 0 ve (z) is piecewise linear, and at later times q ve (z) = q 0 ve +q v where the overbar denotes a horizontal average. With this decomposition, it is reasonable to use zero Neumann boundary conditions at vertical boundaries forq v . The quantity ε o + 1 is the ratio of the gas constants for water vapor and dry air with ε o ≈ 0.622.
Focusing on equation (2.3) for the potential temperature, the source term involves the condensation of water vapor C d and the evaporation of rain water E r (Curry & Webster 1999) . As in MXM10, we adopt the simple models
where the notation () + denotes the Heaviside function and q vs (z) is a specified saturation profile. Equations . Consistent with the Boussinesq approximation, we consider piecewise linear saturation profile q vs (z) given by
For the simulations reported herein, we fix β = 5 and z o = 1.2 (corresponding to 12 km). The pre-factor
However, to reduce the stiffness of the system (2.1)-(2.4), we will use the value ǫ −1 L = 2.4 in the numerical simulations. Consistent evolution equations forq v and q r are given by
where the (constant) rain velocity will be set to V T = 0.5 corresponding to the dimensional value 5 m s −1 . We will assume an initial environmental profile that is slightly under-saturated: 4 9) and the value of δ will be set to δ = β/32. This is consistent with order-of-magnitude environmental preconditioning for cyclogenesis (Gray 1968; Montgomery & Smith 2011) . Note that the simplified system (2.1)-(2.8) does not include explicit equations for cloud water, such that condensation leads directly to rain. However, when the cloud vapor q v exceeds saturation in the simplified dynamics, this saturation excess can be interpreted as cloud water. For a discussion of the conservation principles of moist systems, see Frierson, Paulius & Majda (2004) .
As mentioned in the Introduction, MXM10 performed a multi-scale analysis of the anelastic analogue of (2.1)-(2.4), yielding three coupled models for the fast microscales 
3) is a key element of the fast microscale model, leading to the elimination of inertia-gravity waves, whereas the fast mesoscale model incorporates linear hydrostatic gravity waves. With a low-altitude moisture forcing in a periodic geometry where the effects of the mesoscale hydrostatic gravity waves vanish, MXM10 demonstrated that the coupled multi-scale models capture the formation of VHTs and the predominance of low-altitude cyclonic activity on long time scales of roughly four days. The present numerical simulations of (2.1)-(2.9) indicate that the presence of inertia-gravity waves does not qualitatively change the physical mechanisms captured by the multi-scale analysis leading to generation of VHTs.
Simulation details
Equations (2.1)-(2.9) are solved in a 3D domain with periodic boundary conditions in both horizontal directions and a combination of Dirichlet/Neumann boundary conditions on the top and bottom. The numerical solution uses a pseudo-spectral decomposition in the horizontal directions and a 2nd-order centered difference scheme in the vertical direction. The numerical domain is 12.8×12.8×1.5 corresponding to 128 km ×128 km × 15 km. We use 128 Fourier modes in each horizontal direction and 100 grid points in the vertical direction resulting in horizontal resolution ∆x = ∆y = 0.1 (1 km) and vertical resolution ∆z = 0.015 (0.15 km).
The bottom of the domain at z = 0 is meant to crudely represent the top of the atmospheric boundary layer, while the top of the domain at z = H = 1.5 (15 km) roughly mimics the tropopause. For no flow through the boundary layer/tropopause, we set w| z=0,H = 0.
(3.10)
For most of the runs presented here, the horizontal velocity has zero Neumann boundary condition at the tropopause and zero Dirichlet boundary condition at the boundary layer such that
However, we also present the results of selected runs with Neumann condition at the 5 
with value D 4 = 0.1. In the vertical direction, since we are using a finite difference scheme, we use the normal viscosity µ 2 ∂ 2 f /∂z 2 , where
with D 2 = 0.005. In all simulations, the initial water vapor anomaly is given bỹ
and (x 0 , y 0 ) is a random horizontal location and represents the center of the moisture bubble. Thus the system is super-saturated for low altitudes 0.1 < z < 0.3 (1-3 km) and under-saturated at all other altitudes. Figure 1 shows the initial water vapor profile q v =q v + q 0 ve at r = 0 along with the saturation profile. One can see that the radius of the low-level moisture bubble is 5 km and its vertical extent is 2 km. The same shape water vapor bubble is added to the system for every 2.5 hours (10 time units) at a random horizontal location (x 0 , y 0 ) for approximately 4 days (400 time units). During this period, we investigate the structure of the VHTs 6 and sensitivity to low-altitude vertical shear. After 4 days, the bubble is added more frequently over a period of about 2.6 days (250 time units). Furthermore, the center of the bubble is confined to a horizontal subdomain (4 km × 4 km). More frequent moisture forcing in a horizontal sub-domain is a surrogate for convergence of the horizontal wind field in the boundary layer. The moisture forcing is turned off at 6.6 days, after which time we look for the formation of a depression vortex.
Simulation results

Benchmark simulation with zero initial velocity
In this section we present the results from a simulation with zero initial velocity and low-altitude moisture forcing as described above. This run (denoted Run 0) is closest to WS11 cases 6 and 7 with no horizontal shear and Coriolis parameter f = 5 × 10 −5 s −1 (our value is f = 3 × 10 −5 s −1 ). WS11 cases 6 and 7 differ by the amplitude of the low-altitude temperature bubble used to initiate a VHT. We note that WS11 follow the evolution of a VHT after the input of a low-altitude temperature anomaly, rather than a moisture anomaly. Many of the results in WS11 pertain to other cases with higher values of the background rotation and/or fixed uniform horizontal shear. Other differences render a quantitative comparison impossible, e.g. the cloud model of Bryan & Fritsch (2002) , the background potential temperature and moisture profiles, and a sponge layer at the top of the domain. However, all of our results are qualitatively similar to the plots presented in WS11. In our greyscale plots, white denotes maximum contour levels, e.g. of vorticity, vertical velocity and rain water. There should be no confusion between white local maxima and white background, since local maxima occur inside the VHT structures, but we alert the reader to this issue. 4.1.1. The structure of the vortical hot towers Figure 2 shows a single contour level of the water vapor anomalyq v at times 0, 15, 30 and 45 minutes after the injection of a moisture bubble at the end of the 4-day period with forcing frequency every 2.5 days. The contour level corresponds to 1.2 g kg −1 , which is roughly 15% of the maximum value reached 15 minutes after the bubble injection. The relatively low contour level (compared to the maximum) allows one to visualize the exterior structure of the VHT; the highest values of water vapor are achieved inside the tower. The moisture rises well above 10 km, and the tower is intact for at least 45 minutes. Figure 3 shows companion vertical vorticity contours up to altitude 5 km, and at times 30 and 45 minutes after the bubble injection. The two contour levels are ±4 × 10 −4 s −1 , and one can see a predominance of positive vertical vorticity below 3 km in the VHT. To better visualize the structure of the vorticity, it is helpful to view contours in a horizontal plane at fixed altitude. Such horizontal slices are presented in Figure 4 at altitude 1.5 km, and at the same times as in Figure 3 . Only a portion of the horizontal plane is included in order to zoom in on the vorticity monopole structure of the VHT. Since one vorticity unit is approximately 10 −3 s −1 , there is a maximum vertical vorticity of about 8 × 10 −4 s −1 at 30 minutes after the bubble injection. The diameter of the VHT is roughly 5 km, matching the horizontal extent of each moisture bubble. The study by Houze, Lee & Bell (2009) reported observations of VHTs in pre-hurricane Ophelia with maximum values of vertical vorticity in the range 5 − 10 × 10 −4 s −1 . Their measurements reflected VHT dimensions of about 10 km wide and 17 km high.
Figures 5 and 6 present, respectively, contours of the maximum vertical velocity w and contours of the maximum rain water q r , as functions of time (abscissa) and altitude 7 (ordinate). Time is rescaled so that the beginning time t = 0 is the time of a moisture bubble injection. Since 1 time unit = 15 minutes, both plots indicate that the lifetime of a VHT is approximately 1 hour. During this representative VHT event, the maximum of vertical velocity of approximately 14 m s −1 occurs at about 5 km high and roughly 10 minutes after the bubble injection. Figure 5 shows that the relative maximum moves to higher altitudes as time progresses, up to about 30 minutes. Similarly, the maximum of rain water occurs at about 10 minutes after the bubble injection, and reaches a value 16 g kg −1 at an altitude close to 6 km high ( Figure 6 ). After 10-15 minutes, it rains more at altitudes lower than 5 km. However, smaller values of rain water can be seen as high as 10 km approximately 45 minutes into the VHT lifetime.
Decay into a depression vortex
The VHT structure observed in the plots of Section 4.1.1 follows each bubble injection every 2.5 hours over a period of 4 days. The 4-day time period was chosen to obtain good time-averaged statistics for the low-altitude vertical vorticity associated with the VHTs (see Table 1 ). After the 4-day period, in order to mimic convergence of the horizontal winds in the atmospheric boundary layer, we increase the frequency of the bubble forcing to once every 7.5 minutes, and confine the random position of each bubble to lie within a horizontal subdomain of size 4 km × 4 km. The more frequent forcing is applied for 250 time units corresponding to 2.6 days. After a total time of 6.6 days, the moisture forcing is turned off and the flow is allowed to evolve freely. The low-level positive vorticity quickly merges into a single larger-scale depression vortex, which is well-developed roughly 2 hours after the forcing is ceased. Figure 7 shows the depression vortex 9 hours into the 8 decay period, at height levels 1.5, 3.0, 4.5 and 6.0 km. One can see a vortical column aligned with the z-axis up to 4.5 km, with some deterioration of the vortex at 6.0 km high. At that time, the vorticity amplitude of the vortex is about 10 −3 s −1 at 1.5 km and roughly twice as strong at height 3.0 km. The diameter of the vortex is roughly 20 km, which is about twice as large as the diameter of the VHTs. For Run 0 with zero initial velocity, results similar to Figure 7 (not shown) were obtained with bubble forcing frequency of 15 minutes in a horizontal sub-domain of 16 km × 16 km. However, for Run 3 with low-altitude shear (see below), stronger 'convergence' (i.e., smaller domain, higher frequency) was necessary in the period preceding decay in order to obtain a well-defined, larger-scale cyclone. Therefore we present only the results from the 'strong convergence' experiment throughout (7.5 min frequency, 4 km × 4 km subdomain).
Sensitivity to low-altitude vertical shear
We now compare the benchmark Run 0 (zero initial velocity) to Runs 1-3 with varying vertical shear as determined by an initial zonal velocity profile u = u(t = 0, z)x. shows initial and later-time mean horizontal velocity profiles (u 2 + v 2 ) 1/2 for these runs. Run 1 starts with zonal velocity profile that is symmetric about z = 7.5 km, and has maximum value 5 m s −1 : Run 2 : u(t = 0, z) = 0.5 * exp −96(z − L z /4) 2 /L 2 z , z L z /4 u(t = 0, z) = 0.5 * exp −10(z − L z /4) 2 /L 2 z , z > L z /4 (4.17)
and also named "non-skew" (Run 1), "bottom-skew" (Run 2) and "top-skew" (Run 3) in reference to the position of the maximum. Notice that the profiles have all evolved by significant nonlinear momentum transport at time t = 400 (4 days). However, throughout the 4-day interval, Run 3 (Run 2) has the smallest (largest) low-level vertical shear below z ≈ 0.3. Notice that by t = 400, the low-level shear profiles of Runs 1 and 2 are quite similar, and larger than for Run 3.
In order to gather statistics on the low-altitude vorticity of the VHTs, we ran the simulations for Runs 0-3 for 400 time units (approximately 4 days) with the low-frequency bubble forcing every 2.5 hours. The center of each bubble was chosen was as a random position in the horizontal domain. During this period, the VHTs evolve independently 11 of each other, since the lifetime of a VHT is approximately 1 hour. At a fixed altitude, we then measured the skewness S of the vertical vorticity as given by
(ω ix,iy −ω) (Table 1 ). However, we will show in Section 4.2.2 that only Runs 0 and 3 produce a well-defined, vertically-coherent, larger-scale depression vortex during the decay period following 'convergence.' Thus the value of the vertical vorticity skewness characterizing individual VHTs is, by itself, not enough to predict the outcome of nonlinear interactions among VHTs (compare Runs 0 and 1).
The structure of the vortical hot towers
Having investigated the statistical tendency for VHTs to be predominantly cyclonic at low altitude (Table 1) , we now further examine structural aspects of representative VHTs for Runs 1-3 and compare to Run 0. Figure 10 However, the low-level (z = 1.5) 2D vertical vorticity contours are noticeably different for each run (Figure 13 ). The dipole structure of Run 2 and the monopole cyclonic structure of Run 3 are quite clear in the low-altitude 2D contour plots. One can anticipate that vortex merger of the VHTs in Run 3 may lead to a larger-scale tropical depression, while no such possibility exists for Run 2. Though Figure 13 is indicative of structural differences between runs, it is important to keep in mind the variation in magnitude and shape for individual VHT events.
As mentioned above, the multi-scale model of MXM10 filters inertia-gravity waves using the WTG approximation, whereas our computations resolve those waves. By viewing the difference between the vertical velocity and the source terms in (2.3), one clearly sees that inertia-gravity waves radiate away from the VHTs (Figure 14 ). Both plots for Run 2 and Run 3 show the difference at altitude 1.5 km and 2.25 hours after the injection of a moisture bubble. It remains to understand more precisely how the inertia-gravity waves may change the eventual merger of low-altitude cyclonic activity into a topical depression, in cases such as Runs 0 and 3 when the latter occurs.
Decay into a depression vortex
The biggest difference between the bottom-skew Run 2 with larger low-altitude shear and the top-skew Run 3 with smaller low-altitude shear is the 2D vorticity structure at z = 0.15: Run 2 exhibits a dipole structure while Run 3 retains the cyclonic monopole structure seen in the benchmark Run 0. With VHTs occurring more closely in space and 14 time, one might anticipate vortex merger among the cyclones of Run 3, but not among the dipoles of Run 2. Figures 15 and 16 show exactly that expectation, and should be compared to Figure 7 . One effect of the shear in Run 3 is to limit the vertical extent of the depression vortex to altitudes below z = 0.45, whereas the vortex structure of Run 0 does not deteriorate until altitudes near z = 0.60. The non-skew Run 1 is more like Run 0 with respect to skewness values (Table 1) to break down ( Figure 13) . Furthermore, Figure 17 shows that Run 1 behaves similarly to Run 2 for the decay period following convergence. No well-defined, vertically-coherent depression vortex is formed in the presence of the stronger low-level shear values of Run 1 and Run 2. Thus low-level vertical shear appears to have multiple effects leading to complex dynamics: it affects both the structure of individual VHTs and the nonlinear interaction of VHTs. 16 The horizontal mean value of (u 2 +v 2 ) 1/2 , t=400 5 3 Figure 18 . Left: initial zonal velocity with (u 2 + v 2 ) 1/2 = u(t = 0, z); Right: Horizontal mean velocity (u 2 + v 2 ) 1/2 at t = 400 units (approximately 4 days). One velocity unit = 10 m/s and 1 height unit = 10 km.
Sensitivity to the bottom boundary condition
As mentioned in Section 3, our set-up imagines that the lowest altitude is at the top of the atmospheric boundary layer. For simplicity, our first set of runs reported here used only zero Dirichlet or zero Neumann boundary conditions at top and bottom, and it may not be entirely clear which choice is more appropriate at the bottom of the domain. Therefore, in this Section we compare the results of Runs 0 and 3 with zero Dirichlet bottom boundary conditions to Runs 4 and 5 with zero Neumann bottom boundary conditions (zero initial velocity Run 4 is the companion to zero initial velocity Run 0; top-skew Run 5 is the companion to top-skew Run 3). Our purpose here is to investigate whether or not the change in bottom boundary condition qualitatively alters the results found in Runs 0 and 3. The initial zonal velocity profile for Run 5 the same as for Run 3 and given by (4.18), which has near-zero slope at z = 0. Figure 18 shows the initial and later-time mean horizontal profiles for Runs 3 and 5. Non-zero velocity at z = 0 is evident for Run 5 at the later time, and clearly the lowest-level vertical shear has also been reduced (by necessity of the boundary condition).
For compactness, we present only 2D contours of vertical vorticity, since we have seen above the robustness of the VHT structure for water vapor, vertical velocity and rain water. We first examine the low-altitude z = 0.15 vertical vorticity for representative 17 VHTs during the 4-day period of low-frequency moisture forcing every 2.5 hours, when the VHTs evolve independently from each other. Figure 19 compares Runs 0 and 4, both with zero initial velocity, and shows that the basic monopole structure does not depend on the bottom boundary condition. Similarly, Figure 20 compares Runs 3 and 5 with top-skew initial velocity profiles, and again the cyclonic monopole vorticity structure is evident. Notice also that the maximum and minimum contour values are the same in all Runs 0, 3, 4, 5. Finally, we simulate the 2.6-day period of strong convergence, with moisture forcing every 7.5 minutes in the small horizontal domain 4 km × 4 km. We then allow the flow to decay and look for the formation of a larger-scale cyclone. During the convergence period, the VHTs interact nonlinearly with each other. limits the vertical extent of the depression vortex compared to Runs 0 and 4. Thus the shear appears to be more important than the bottom boundary condition in determining the vertical extent of the depression vortex. However, the bottom boundary condition partly determines its horizontal extent and its amplitude.
Discussion and Future Work
The first goal of the work presented herein was to investigate the fidelity of moist Boussinesq dynamics using the simplest possible models for condensation and evaporation. Judging by the structure of individual VHTs generated by low-altitude moisture forcing, the simplified dynamics appears to capture the essential features of the VHTs. This result was anticipated by the multi-scale analysis of MXM10. Differences in the moisture model, boundary conditions, background profiles and forcing render impossible a direct quantitative comparison of our runs and the simulations of WS11. Nevertheless, the qualitative comparison suggests that the minimal Boussinesq model is adequate for further investigation into the competing effects of moisture and shear, as well as other effects such as boundary conditions. One future project immediately accessible is a detailed study of the effects of inertia-gravity waves. The latter study will involve comparison of full Boussinesq simulations to simulations with WTG imposed, as well as comparison to computations of the MXM10 multi-scale model in which WTG arises naturally as part of the dominant dynamics. It would also be interesting to perform a more quantitative comparison with a more complex cloud-resolving model. 19 The second goal was to begin a systematic study of the effects of low-altitude vertical shear on the structure and potential merger of VHTs. To study individual VHTs, we used a moisture forcing with frequency about 2.5 times larger than the lifetime of a single VHT (approximately 1 hour). Increasing the low-level vertical shear changes the vertical vorticity structure from a cyclonic monopole to a dipole. Over long times (approximately 4 days), the vertical vorticity skewness (4.19) was used as a statistic to measure the predominance of cyclonic activity for runs with different vertical shear profiles. Somewhat surprisingly, the low-altitude skewness for Run 3 with small low-altitude vertical shear was larger than the skewness of Run 0 starting from zero initial velocity. To study the nonlinear interaction between VHTs as might occur during/after wind convergence in the atmospheric boundary layer, we increased the frequency of the moisture forcing to 7.5 minutes in a horizontal sub-domain of 4 km × 4 km. After the forcing is turned off and for small shears (Runs 0, 3, 4, 5), the cyclonic monopoles merge together to generate a larger-scale depression vortex. For strong enough low-altitude vertical shear (Runs 1, 2), the monopole structure breaks down. Then individual VHTs show tendency toward a dipole structure and 'convergence' does not yield a well-defined, vertically coherent, larger-scale vortex. We conclude that increasing low-altitude vertical shear has an adverse effect on the vertical vorticity structure of individual VHTs as well as on the nonlinear interaction (merger) between VHTs. In low-shear cases when monopoles merge into a depression vortex, vertical shear limits the height of the depression vortex. Our idealized simulations have initiated a study of mechanisms by which increasing vertical shear inhibits cyclogenesis. Future research will address issues such as shear thresholds, 20
